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STRUCTURAL CHARACTERIZATION AND GAS REACTIONS
OF SMALL METAL PARTICLES

BY HIGH RESOLUTION IN-SITU TEM AND TED

The detection and size analysis of small metal particles supported on
amorphous substrates becomes increasingly difficult when the particle
size approaches that of the phase contrast background structures of
the support. In addition, size determinations of such small
particles are significantly affected by the fEM imaging conditions,
such as focus and astigmatism correction. Palladium particles of
less than 2 mm mean size were examined by high resolution TEM and
subsequent electronic image analysis, using a Ruantimet 720 Image
Analyzer. A deviation of only a few hundred rm from the optimum
focus condition was, for example, found to increase the "apparent”
diameter of 1.3 nm particles by as much as 0.4 nm. Furthermore, the
electron exposure required to perform very high resolution microscopy
may severely complexify the situation by radiation induced changes in
specimen and support. These changes may be intensified by specimen
contaminants and improperly controlled environment. An approach of
digital image analysis, involving Fourier transformation of the
original image, filtering, and image reconstruction was studied with
respect to the likelihood of unambiguously detecting particles of
less than 1 nm diameter on amorphous substrates from a single
electron micrograph. A paper describing this work is in print in

Ultramicroscopy (Appendix 1).

The moving and installation activities of the in-situ TEM facility to

the Department of Chemical Engineesring, Stanford Urniversity, are
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nearing completion,; and it is anticipated that the normal research

activities can be resumed shortly.
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ON THE DETECTION AND SIZE CLASSIFICATION
OF NANOMETER SIZE METAL PARTICLES

ON AMDRPHOUS SUBSTRATES

by kKlaus Heinemann

Eloret Institute, 1178 Maraschina, Sumnmyvales CA 94087

and Federico Scria
Consejo Superior de Investigaciones Cientificas
Institute de Fisica Materiales

Servanoc 117, 28006 Madrid. Spain

ABSTRACT

The detection and size analysis of small metal aggregates supported
ovt amorphous substrates becomes increasingly difficult when the
particle size approaches that of the phase contrast background
structures of the support. Standard high resclution conventional
transmission electron microscopy (CTEM) with subsequent analogue
image analysis becomes inconclusive or fails for particles less than
1 nm in diameter, and clear differentiation of the particles from the
background can only be made with considerable effort, typically
involving several micrographs taken from the same specimen area under
different imaging canditioq;. T;e TEM image ' contrast transfer
mechanism is reviewed with emphasis on practical conclusions in this
regard. In the 1-2 nm particle size range, particles can be

distinguished from the amorphous background only when focus,



astigmatism, and specimen drift are optimally controlled. A deviation
of only a few hundred nm from the optimum fococus condition was, for
example, found to increase the "apparent” diameter of 1.3 nm
particles by as much as 0.4 nm. Furthermocres the electron exposure
required to perform such microscopy may severely complexify the
situation by radiation induced changes in specimen and support. These
changes may be intensified by specimen contaminants and impropevly
controlled environment. An approach of digital image analysis.
involving Fourier transformation of the original image, filterings
and image reconstruction is discussed with respect toc the likelihood
of unumbigucusly detecting particles of leses than 1 nm diameter on
amorphous subestrates from a single electron micrograph. Examples are
given for the case of palladium deposits on carbom. aluminas and

titania.



IMTRODUCTION

Afe 15 well known from the thearetical work of Scherzer [11 and the
experimental work of Thon [21, the high resclutiocn bright field imaqge
of an amorphous specimen such as a carbon or alumina support film
contains, even if the film is perfectly planar and featureless. a
multitude of contrast features that depend in amplitudes size, and
distribution on the fnéus condition and on other imaging parameters
such as i1llumination aperture (a decreasing aperture increases this
contrast)s acceleration voltage {(decreasing voltage increases
amplitude and size of contrast features), and astigm;tism {affects

directionality of the features).

For the purpose of this reports it is helpful to briefly review this
well known phase contrast phencomenon with particular emphasis on the
practical implicaticns for high resclution microscopy of small
particles. The dependence of reciprocal space frequencies (specimen
details) imaged with optimum phase contrast on the deviation from the

exact (Gaussian) focus Az is given by [3+413:
Az = 0.5 ( Ca Xo® - (Bn —-1)A/Ko™) (1)

In equ.(1l) Cs is the spherical aberration ccefficient of the
microscope objective lens,s A is the electron wave length, o is the
aperture angle carrespandin9 to” the imaged space freguencys and n 1is
art integer with practical relevance in the range -20 < n < . Fig.1
shows a typical plot of 8o vs. A=. It should be noted that. in

accordance with a generally adopted conventions the underfocus vregion



has the positive sign (because it affects an increase of the focal
length). Practical imaging conditicons falling in the vicinity of one
of the curves are necessary for resclution of that space freguency.
The phase contrast amplitude reverses its sign between sclid and dash
curves. In practical interpretation of Fig.1l1, an image of a "Fourier-—
white" specimen.s such as an amorphous specimen support films will not
be Fourier—white but contain spectral regions of space freguencies
with alternating phase contrast amplitude, such as shown with the
four diffractograms placed at their approximate respective Az
positions at the top of Fig.i. The rings in the diffractograms are
thus due to light optical diffraction at granular phase contrast
structuwres that appear in the real image and have certain size and
distance relationships with each other but no conclusive practical
relation to the specimen itself. The structures may appear so strong
in contrast that it would seem impossible to distinguish images of
real particles from them i1f these particles are in the same general
size range. (These background structures are, of course. the reason
why the tendency for small particle work has been to use single

crystal support films [5-91).

An example of the focus dependence of the phase contrast structures
is shown in Fig.2 for the case of a plain carbon film with three
marker particles {(circled) demonstrating that the same specimen area
is shown in each micrograph. From {(a) to (d) the foacus was changed
from 280 nm to about 500 nm. The diffractograms were takgn_from the
same area. It 1s obvicus th;t ary sub—nanome;er size particles would

be entirely lost in this multitude of substrate related contrast

features.
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OF POOR QUALITY.

On the basis of the size of these phase contrast background
structures. we divide the tashk at hand in two groups. (1) particles
less than about 1 nim in sizey, where the particle and background
structure sizes are about the same and, consequently, very difficult
to separates and (11) particles larger than about T nm where the
particles generally stand cut from the background. The latter
category allows the use of conventional particle size analyzerss the
former reguires more elaborate approcaches for detection and sicze

analysis of depasit metal particles.

GENERAL IMAGING REGUIREMENTS

It is helpful toc consider some practical implications of the phase
contrast transfer characteristic of a TEM objective lens such as
shown in Fig. 1 for the case of 100 kV acceleration voltage and Ca =
2.25 mm. In practice, the illuminaticn aperture &,i1:s the chromatic
aberration

te=Ce{AU/U + Z4AE/R) (U} is the asccelevation voltage. B 1s the
magnetic field of the objective lens [31), the specimen support film
thickness ts and the prevailing astigmatism 4a have finite values
that cause the imaging conditions applicable to Fig.l to take the
shape of an error ellipse rather than a mathematical point [43. In
this representation, q411'@ould determine fhe vertical a;ZS, and &
combination of t. Tes and Aa the horizontal axis of this evvor disk.

If it includes the vicinities of more than one curve in Fig.is this



would lead to an effective reduction or even extinction of the
resulting phase contrast transfer (resclution). We have included such
an ervror ellipse for an illumination aperture angle of approximately
1.5%10-2 radians and a specimen thickiness of 50 nm (and assuming
perfectly corrected astigmatism and rnegligible residual chromatic
aberratiocn) in three defocus positions. Specimen details of O.4 nm
can well be resolved at 130 nm underfocusi in the exact focus
cenditions (Az=03 Gaussian focus) or at a larger defocus (S00 nm in
the example), neighboring contrast curves of opposite sign are
included in the error area, and 0.4 nm phase contrast resclution will

be strongly impeded.

This circumstance can be utilized as a benefit for the task of
imaging small particles. Due to the higher atomic scattering:
amplitude of the metal atoms when compared to the atoms usually
comprising the support materials. amplitude contrast can be used as
most useful contrast mechaniem. This can be done by a combination of
two microscopy conditions: (1) by increasing the i1llumination
aperture angle such that for a wide space frequency band a
significant reducticon of the phase contrast cccurs {(at the chosen
focus setting)se and (1i1) by choesing & defocus setting most prone to
vield the least phase contrast selectivity. These conditions are met
in the "phase contrast minimum” regicn (typically scme 50 nm below
the Gaussian focus) and with an illumination aperture large compaved
to the separation of the twe critical phase contrast transfer curves
(with n=1 and n=2) in that A: region. In practices %,.,1 should be
2:x10-® radians. It would of cowrse not pay to to try te wash cut

unwanted phase contrast structures by deliberately using & thick

&



specimen suppoart film. In fact, the support film must be as thin as
peesitle if the weak amplitude signal of very small metal particles
is to be distinguished from the {(weak yet not negligible) thickness-—

dependent amplitude signal of the substrate.

Other techniques that one might consider for imaging very small
supported metal particles by CTEM concentrate on the elimination of
the phase contrast selectivity phenomenon altogether. This can be
achieved by using strongly incocherent i1lluminaticons such as with an
anmular condenser aperture [101. or by combining substantially
coherent i1llumination with interference of diffracted beams only,
such as in central dark field microscopy [33 or selected—zone dark
field microscopy (SZDF§ [111). The disturbing space freguency
contrast transfer selectivity can alsc be decreased by using
interference between the undiffracted beam and only one of the
diffracted beams {(such az with a semi-circular aperture {121 or with
& combination of amular condenser and amular objective apertures
E3:44104111). Fhase shift cbjective aperture diaphvagms [131 have
alsc been attempted to reduce the contrast transfer selectivity.
Whereas SZIDF microscopy is powerful indeed for imaging and mapping
cordered structures [3,11,14], 1t fails for particles smaller than
about 1.5 nm in size, in particular 1f the atoms comprising the
particles are not {(yet) well ordered. Recent research on small
particles in cur labeoratory [151 has shown that the structure of very

emall metal clusters may indeed.-not be well developed. For imaging

nancometer—-sirze particlesy 1t isy therefare. advisable to select =a
technrnique that does not depend on Bragg diffracticon as contrast

mechanism and, thus, does not a-pricri exclude poorly structured



particles. Microscopy with cther unconventional chjective apertures;
such as semi-civcular apertures allowing the undiffracted beam to
barely pass in the center of the semi-circle [128] or phase plates
[131 have seldom been used. It have been moestly experimental
difficulties, such as excessive astigmatism caused by charging of the
aperture due to an uncontrolled build-up of contamination at the
apertures and of course marnufacturing difficulties of the aperture
1tself that have prevented these technigues to become practical

alternatives for imaging sub-nanometer size particles.

PARTICLE IDENTIFICATION BY CORRELATION

The circumstance that the transfer of phase contrast of sub—mnancometer
specimen distances can be manipulated with the focus setting and
other imaging parameters suqggests that one criterion of definite
recognition of very small metal particles on amorphous substrates
might be the spatial corvelation of imaged intensities in several
micrographs taken under different microscopy conditions that affect
the amplitude contrast of the particles only little but cause
substantial differences in phase contrast image features. In
practice, any one feature that consistently appears in all of these
micrographs i1s likely to be a particles, whereas features visible only

in & minority of the micrographs arve identified as merely support

related. linless an elaborate computerized image comparison system is
available, this method is prone to be tedicus and time-consuming. An

example (Fd/carbon) 1s given in Fig.3. Lines {(a) and {(b) were taken



with & small objective aperiure near the Gaussian focus and in slight
underfocuss respectively. Line (c) was was taken near the Gaussian
with & large objective aperture. Line {(d) is a superpeocsition of four
exposures at 100 nm focus difference (starting at Gaussian focus and
going toward underfocus) using the same large aperture as in ().
Whereby it would be highly questionable to identify palladium
particles in any one individual micrograph, the correlation in a&ll
four images (row (c)) suggests with fair accuracy that those
intensities that coincide in all four images are particles. The
correlated particles are highlighted in row (c). Row (a) shows the
respective optical diffraction patterns. In this particular example
of Pd/C, the correlation method established that the saturation
particle number density had already been reached in this very early

stage of growth (see [151).

FARTICLE RECOGNITION AND SIZE ANALYSIS WITH IMAGE ANALYZERS

Once the particles are large encugh to be easily detected on an
amorphous substrate, use of an analogue or digital image analyzer is
effective for the next steps of a deposit/substrate/envivronment
analysisy such as countings area coverage measurements. and particle
size distribution determination.

-
R,

Typically, the instruments with which such analysis is performed
consist of & video system and an image processing system. For an

analysis of palladium particles on aluminas, titania, and carbon

<&



substrates, we have employved a Quantimet 720 facility with
epidiascope-TV pickup of EM images printed at 1,000,000 X
magnification. A 30-mm focal length TV camera objective lens was
used, giving a rescluticn of 0.09 nm per pisxel. A major difficulty is
shading correction of the background which is usually somewhat uneven
cver the size of the image to be analyzed. The built—-in shading
corrector  1s designed to correct for uneven epidiascope illumination
cnly. Its use in conjunction with an EM micrograph with small
particles is only advantagecus after strong defocussing the image
with the TV camera cbjective lens, blurring the individual particles
te sizes larger than the individual shading correction elements which
are typically 10Ox10 to 15415 pinels. Employing shading correction to
focused images can actually have a distinct negative effect in that
this tends to locwer the contrast of the particles with respect to the
background. On the other hand, particle size analysis may become
meaningless ovr inconclusive without proper shading corvection that
assures that the particle contrast discrimination occocurs always at

the same level with respect to the substrate.

In crder to avoid systematic errors stemming from the subjective
choice of the image discrimination levels, we chose a method whereby
each shading corvected image was analyzed with a series of
discrimination settings, starting well below and ending well ahaove
what would seem the most appropriate setting. Definite conclusions

were drawn only with respect tosthose features in the resulting

histograms that were reproduced in each or mest of the individual
measuwrements. In addition. several micrographs of the same specimen

type were evaluated.



An example of & specimen with approximately @ nm diameter particles
of palladium on an amorphous (30 nm thick) TilOe film is shown in
Fig.4. The covresponding size distribution histegrams are shown for
four discrimination settings. Common to most of the individusl
histograms are (a) a rapid decrease of the particle count for very
small size classes, (b)) a minimum at about 1.1 - 1.3 nms (c) a major
peak at about £.1 vm particle sizes, and (d) tsree minor peaks (at
1.4, 2.4, and 3.0 nm. We attribute the initial portion of the
histoagrams to phase contrast background features and only identify
those histogram size classes beyond 0.8 nm as palladium particles.
Fig.9 shows the corvesponding results for a sample that, under
ctherwise identical conditions. had been subjected to a shorter
deposition time (about 1/3 of that used for Fig.4). The main peak of
the size distribution is now at 1.3 nm, and a mincr peak is at 1.8
nm. Fig.6 shows the same specimen detail area and corresponding
histogramss with the only difference being the focus setting in the
original micrograph (abcout 200 nm vs. 100 nm underfocus,
respectively). This relatively minor focus shift resulted in an
apparent increase of the mean particle size by approximately 0.4 nm
te 1.7 vimy and a shift of the minor peak to sbout 2.3 nm. A second
minor peak now appears at 0.8 nm particle size. but we guestion that
this is clearly a particle peak and not merely a rvemnant from the

substrate phase contrast features.

11



OFTICAL IMAGE FILTERING

It has been suggested to attempt to eliminate the phase contrast
predominance in an amorphous substrate with respect to nanometer size
metal particles by filtering cut certain space fregquencies in the
diffractogram [16]1 and subsequent image reconstruction. This can be
accomplished on—-line with optical methods (starting from the criginal

micro-negative) or with a computer.

An example of the on—line optical approcach is presented with Fig.7,
showing a Pd/C deposit with 1.5 nm mean particle size near BGaussian
focus (top) and at approximately 200 nm underfocus (bottom line). In
ta)s the optical diffraction patteirns {(diffractograms) of the
specimen area shown in (b)) are shown. They contain, next to the usual
substrate-related intensity patterns a byighter zone in the center
(see marker) which stems from diffraction at the particles and
indicatess by calibration of the diffractogram, their approximate
size distribution. If a small aperture is inserted in the
diffractometer set-up, filtering cut all space freguencies
substantially larger than this particle-related central region, and
1f subsequent ocptical image reconstruction is made. the micrographs
of Fig.7(d) result. They exhibit, in addition to inherent contrast
reversal, a significantly increased contrast between the particles
{(bright) and the bachkground. Furthermores the difference between the

twe focus settings. affecting the particle contours in the original

e

micro-negativess no longer exists. Fig.7(c) shows for reascons of
completion the same reconstructed images without optical space

frequency filtering. As expected, identification of the particles is



tere scmewhat move difficult on the move uneven background when

compared to the filtered imasges (d).

COMPUTERIZED IMAGE FILTERING

Optical filtering is in practice limited to a few extreme condiliocns,
such as high-pass filtering (1.e., filtering large specimen
distances), using a beam stop apertures low-pass filtering. using &
circulat aperture (Fig.7). or & combination of both, using an annular
aperture. Furthermore, it seems difficult to eliminate secondary
diffraction effects at this aperture and from other components of the
cptical bench in the reconstructed image (see circular features in

Fig. 7(d)).

Image filtering could become more meaningful and powerful if, instead
of rigorous low/high pass filterings that and only that part of the
Fourier spectrum (diffractcocgram) could be eliminated that corresponds
to the support backagrounds while the entive Fourier spectrum of the
particles would vyemain. For this. or in practice for any filtering
cther than divect low/high pass filterings digitel image proccessing
would seem the appropriate means. The following tasks would be
invalved: (a) digitizing of the primary image (256 » 256 pixels and
128 grey levels are gererally sufficient and.warrant reasanably short
computing times even with state-of—the—-art microcomputersi (b))
Fourier transformaticn of this image {(the Fourier coefficients must

be separated in real and imaginary parts for further manipulation)s

1A



{c) 2-dimensional video presentation of the Fourier spectrum
{(diffractogram) for easy recognition of main characteristice such as
residual astigmatism and fococus settingi (d) mathematical manipulation
of the Fowier coefficients (surch as multiplication with & function
of the space Trequency)i (e) reconstruction and video presentation of
the manipulated imagei and, of courses (f) counting, area coverage,

and size analysis measurements with the reconstructed image.



DISCUSSION AND FROSFECTS

Basic Differences Between "Standard” High Resclution TEM and Small

Farticle Imaging

Probably the single most important conclusion from this werk is that
the requirements for (high-resclution) detection and imaging of very
small deposit metal particles on amorphous substrates are
substantially different from the "standard” high resclution CTEM
imaging reqguirements. For example, lattice planes are easiest
resclved at a defocus setting near the apex of a phase contrast curve
(Fig.1) suited for the space freguency to be resclved [31. For
erample, under axial illumination conditions at 100 kV acceleration
voltage., palladium {1112} lattice plarnes (0.225 nm spacing) would best
be resclved at about 615 na underfocus (with the n=22 chracteristic.
using the relation 5}<uo>=ca<xo= £31), if the sphevical abervation
ccefficient happens to be 2.25 mm. Images of 0.45 nm spacings of mica
lattice planes would reguire an optimum defocus of 150 nm and would
use the apex of the n=—-1 curve. This indicates that the optimum
defocus may be substantially below the Gaussian focus setting.s
whereas for small particle detection and imaging the region near the
Gaussian focus (some SO0 nm underfoccus) is clearly preferable.
Furthermore., relatively large illumination angles .11 are generally
preferable for small particle réscluticon on amorphous substrates,
whereas small illuminatianvapertures are often used for standard high
rescluticon microscopys because this allows easier astigmatism

correction {(better recogniticon of the phase contrast bachkground



structures used for this purpocse) and generally favers imaging of
phase contrast features (which are far teo often irndiscriminately
considered desirable and interpreted as intrinsic specimen details).
Lower acceleration voltages (50 - 100 V) are also more effective for
small particle imaging. because this helps emphasize the critical
amplitude contrast required for this tashk, as copposed to voltages up
to 1000 KV that are often considered desirable for ultimate
resclution microscopy. As examples, we point to Fig.8, which shows the
same sample area of Au/C for the case of 25, S0 75 and 100 keV beam
energys clearly indicating the tendency of decreasing contrast with

increasing beam energy {(see alsc [171).

Ancther important difference is that 1t is often essential to work
with beam intensities at which particle/substrate interaction is
minimized. As was shown in vef. [181, this interaction may be
substantial and may reqguire operating the TEM at minimum reguired
magnification and/or with high—-speed image vecording [191. Typically,
an electron optical magnification of 100,000 X may well be all that
is required to image sub-nm size particles. Using standard TEM
photographic material with a resclution capability of better than 15
micrometerss details of 0.15nm can then be resclved (but reguire
proper light-optical magnification of the micronegatives). Current
densities of the order of < 1071 A/cm® are sufficient for such
microscopys as oppoesed to intensities cver 10 A/cm® that are often
used with state—cf—-the—art Ticrascopes cperating at 500,000 to 1
Million X electron ocptical magnification. and further reduction of
the intensity to the 1072 &/ce® vange is possible with efficient

image intensifiers, while maintaining sub-nm resclution L191.
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Techrniques Reguired for Small Farticle Imaging by CTEM

Frobably the most persuasive argument for operating near the Gaussian
focus is presented with Figs.S and 6 which clearly show that the
apparent particle size is decisively affected by the focus setting,
all cther parameters being egual. Whereas this observation alone does
nct assure that particle size measurement for conditionse nearest to
the Gaussian fococus are most representative of the specimen. there are
cther well-known persuasive reasons that do faveor this
interpretation. In pa;ticular, the contrast transfer is steepest at
this focus condition (but does not include Fresrnel sholders that tend
te artificially enhance the contrast of the underfocused or
overfocused image)s which is critical for corvrect discrimination with
image analyrzers. Our findings show that & deviation of as little as

100 nm in defocus can shift the measured size classes by as much as

0.4 nm. Generally, particles appear larger when imaged cut of focus.

The phase contrast transfer characteristic (Fig.1) is a practical
tool to taylor optimum imaging conditions for the task at hand. In
particulars i1t suggests the most appropriate i1llumination aperture

angle and focus settings to use.

Image analyzers can be most_helpful only for particles » trim in
diameter, and ocnly when used in the particle size analvsis mode.s
because it is only then that discriminated support background

features can be distinguished from real particles (see the first



steep negative slope in the histograms of Figs.4-6). Particle counts
should be made from particle size distribution histograms, whereby
the initial counts that are most likely due to substrate features
must be discounted. For the same reason, area coverage measurements
must be interpreted with care. However, the errcr stemming from
indiscriminately including very small background features in this
measurement is not as significant in this cases because even many
small background features may ocverall contribute only relatively
little to the total area count which iss of course. dominated by the

larger particles.

Shading corrvection is vitally important for obtaining meaningful size
distributions. Without shading corvection, particles would be
discriminated at varicus threshhecld levels within one statistical
sample. Since the contrast slope is finite {(yet relatively =steepest
if the micrograph was taken at Gaussian focus, as mentioned earlierv ).,
the measured size of a particle depends on where within this slope
the discrimination tock place. The results of histrograms would be
unduly averaged, eliminating the possibility of revealing
characteristic size classess i1f the discrimination levels were not
equalized throughout the entire énalyzed micrograph area by shading
correcticon. On the cther hand, cbserving the same size classes in
well shading—corrected images using different discrimination settings
is a most positive evidence that the chserved size classes are real.

ra

.

For particles less than 1 nm in mean size, image analyzers are of
little help, and the correlation method seems essential for positive

particle identification. It mays however, be sufficient to correlate



intensity features in two or three micrographs taken with different
focus settingss whereby the phase contrast transfer characteristic
(Fig.1) may be helpful to select the most appropriate different focus

settings. Of cowse, a size distribution cannot be made in this case.

Optical diffractograms are most helpful for establishing the mean
size of a particulate deposit. This can be done by measuring the
intensity ving in the center of the diffractograms stemming from
diffraction at the particles (Fig.7). {In-line optical filtevring
{(Fig.7d) inc;eases the contrast of the particle to such a degree that
counting with image analyrers bhecomes more feasible and accurates
while unwanted background features are eliminated from the count.
However, the inherent loss of sharpness of the particle contours
woeuld render subsequent size analyses with an image analyzer‘
meaningless. It remains to be seen if computerized image filtering
will be able to enhance foth the detectability and the size analysis

of small nanometer—-size particles.

Size Classes for Fd/Ti10e

The results for palladium depositéd en titania indicate that
particles in two major size classes were formed 1.3 nm and 1.8 nm for
the thinner depositss and 1.4 nm and 2.1 nm for those samples
subjected toc a longer depositicp time. It is tempting to corvelate
the individual., measured pé;ks in the size aistributian h;;tograms

with discrete particle sizes that would be expected if the particles

consisted of close-packed spheves with "shells.” In a recent



communication [20], palladium particle sizes of 0.8nmy 1.4nms 1.7nms
and 2.6nm were discussed as corresponding to 13 55, 135, and 490
atoms, respectively. Sattler [21] found 13. 55. and 147 atoms to be
"magic" numbers in clusters. The particles in our present sample may
bave been subjected toc changes due to enposure to air and/cr to
hydrocarbon contaminants and reactions during the microscopys. which
is known to influence the particle size [2P.231. There is
nevertheless gquite reasonable agreement between the size classes
thbserved in this study for Pd/Ti0a and the "magic numbers"” 85 and 147
which point to icosahedral or cubo—-cctahedral particle structures.
Further analysis work, especially done in-situ under controlled
envirenment conditions [21-841, is highly desirable to draw more

definite conclusions in this regard.
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FIGURE CAFTIONS

Fig.l Phase contrast transfer characteristic for A(100 kV)I=0.0037 nm
electron wave length and Ca=2.285 mm spherical abervation ceocefficient.
Diffractograms {(top) correspond to carbon film images taken at the

respective focus settings (-30nm. 140nm, 230nmy and 310nm).

Fig.2 Plain carbon film with three marker particles taken at

increasing underfocus.

Fig.3 Identification of Fd particles on carbon by contrast feature
correlation in four micrographs (same specimen area) taken under
different imaging conditions. Left: corresponding diffractogramss

right: i1dentified Pd particles are highlighted.

Fig.4 Particle size analysis of Fd/Ti0s deposit, cbtained with four
different grey level discrimination settings (dash. swlid, dash-—

dotteds and dotted curves).

Fig.S Farticle size analysis of thin FPd/Ti0e deposit (half depcsit

thickness of specimen analyzed in Fig.4).

Fig.6 Same as Fig.S5. but with 100 nm increased underfocus used in
electron micrograph.

Fig.7 Pd/C taken near Gauscslan focuese {top) and at about 200 nm
underfocus (bottom) i the reconstructed images were taken before (c)

and after (d) optical filtering of essentially all reciprocal space



frequencies beyond the intensity stemming from the particles (shown

in diffractogram (&)).

Fig.8 Auw/C taken with Hitachi HS0OH CTEM at 25, S0. 759, and 100 gV

acceleration voltage under ctherwise identical conditions.
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